[1] Following their initial collision 50-70 Myr ago, the Indian and Eurasian plates have been continuously converging toward each other. Whereas the regional stress field is predominately compressive, the Late Cenozoic tectonics within the Tibetan Plateau features widespread crustal extension. Numerous causes of the extension have been proposed, but their relative roles remain in debate. We have investigated the major factors contributing to the Tibetan extension in a three-dimensional viscoelastic model that includes both lateral and vertical variations of lithospheric rheology and relevant boundary conditions. Constrained by the present topography and GPS velocity field, the model predicted predominately extensional stress states within the plateau crust, resulting from mechanical balance between the gravitational buoyancy force of the plateau and the tectonic compressive stresses. The predicted stress pattern is consistent with the earthquake data that indicate roughly E-W extension in most of Tibet and nearly N-S extension near the eastern margin of the Tibetan Plateau. We explored the parameter space and boundary conditions to examine the stress evolution during the uplift of the Tibetan Plateau. When the plateau was lower than 50% of its present elevation, strike-slip and reverse faults were predominate over the entire plateau, and no E-W crustal extension was predicted. Significant crustal extension occurs only when the plateau has reached ~75% of its present elevation. Basal shear associated with underthrusting of the Indian plate beneath Tibet may have enhanced crustal extension in southern Tibet and the Himalayas, and a stronger basal shear during the Miocene may help to explain the development of the South Tibetan Detachment system. 
Introduction
[2] The Himalayan-Tibetan plateau, the largest mountain belt on Earth today, has resulted mainly from the continued Indian-Eurasian plate convergence following their initial collision about 50-70 million years ago [Yin and Harrison, 2000] . Whereas geological records [DeMets et al., 1994] and space geodetic measurements [Larson et al., 1999; Paul et al., 2001; show continuing northward movement of the Indian plate relative to stable Eurasia at a rate of 35 -50 mm yr -1 , evidence from Landsat imagery, fault-plane solutions of earthquakes, and field observations indicates that, for the past 10 Myr or so, the Tibetan Plateau has experienced widespread extension as indicated by the roughly northtrending rifts in Tibet [Armijo et al., 1986; Blisniuk et al., 2001; Mercier et al., 1987; Molnar and Tapponnier, 1977; Ni and York, 1978; Yin et al., 1999] (Figure. 1) .
[3] The cause of the Tibetan extension and it relationship to the rise and fall of the Tibetan Plateau are of fundamental importance to continental tectonics; they also bear profound implications for climate change Kutzbach et al., 1989; Molnar et al., 1993; Ruddiman and Kutzbach, 1989; Zhisheng et al., 2001] . Whereas numerous causes of the Tibetan extension have been proposed, their relative roles are debated. One common explanation for the Tibetan crustal extension is gravitational collapse, driven by excess gravitational potential energy arising from the buoyant crustal root and the upwelled asthenosphere [Chen and Molnar, 1983; Tibet [England and Houseman, 1988; England and Houseman, 1986; Houseman and England, 1996] . Their explanation is that convective removal of the lower part of the mantle lithosphere under the Tibetan Plateau, not included in their thin-viscous-sheet model, may have provided the excessive gravitational potential energy needed to cause the E-W extension. Using the similar thinviscous-sheet approximation of the Eurasian continent and incorporating topography and strain rate data, Flesch et al. [2000] were able to predict E-W extensional stresses in Tibet that results from excessive gravitational potential energy of the plateau. However, their results predict strongest E-W extension in the northern and northwestern parts of the Tibetan plateau, whereas both earthquake data and rift development indicate that the E-W extension has been most active in southern Tibet (Fig. 1 ). Because the thin-viscous-sheet models solve for vertically averaged deviatoric stresses, they cannot be used to investigate vertical variations of lithospheric rheology and stress states, which have been suggested as critical for understanding the evolution of the Tibetan Plateau [Bird, 1991; Royden, 1996; Zhao and Morgan, 1987] .
[4] Because the E-W extension is best developed in southern Tibet and the Himalayas [Armijo et al., 1986; Ratschbacher et al., 1994; Tapponnier et al., 1981] (Fig.  1 ), other workers argued that the formation of the Tibetan rifts were due to local boundary conditions, such as oblique convergence or basal shear associated with subduction of the Indian plate under Tibet, that caused radial expansion and stretching along the Himalayan arc [Armijo et al., 1986; McCaffrey and Nabelek, 1998; Ratschbacher et al., 1994; Seeber and Pecher, 1998 ]. However, recent field work has revealed extensive normal faults in northern Tibetan Plateau [Blisniuk et al., 2001; Yin et al., 1999] . These normal faults may be kinematically linked to the north-trending rifts in southern Tibet . By comparing the spatial and temporal development of the Tibetan rifts with other Cenozoic rifts in eastern Asia, argued for a common cause in a regional extensional stress field perhaps related to tectonic boundary conditions in eastern Asia. [5] All the factors discussed in the previous studies may have contributed to the crustal extension in the Tibetan Plateau. What remain uncertain are the relative roles of these factors in the Tibetan extension and in the rise and fall of the Himalayan-Tibetan Plateau. It is clearly desirable to have a self-consistent geodynamic model where all the major factors contributing to the Tibetan extension can be evaluated. We have developed a threedimensional (3-D) finite element model to explore the relative roles of gravitational potential energy, rheologic structure, basal shear, local boundary conditions, and regional tectonic boundary conditions in the crustal extension of the Tibetan plateau. Constrained by the present-day topography, plate boundary conditions, and kinematic data, the model successfully reproduced the major stress pattern within the Tibetan crust as indicated by the earthquake data. We then explored the major parameters and boundary conditions that may have significantly changed during the Tibetan orogenesis to investigate the mechanics that controls the rise and fall of the Himalayan-Tibetan plateau.
Numerical Model
[6] Figure 2 shows the geometry and boundary conditions of our finite element model based on the present tectonic setting of the Himalayan-Tibetan plateau. The model includes a rigid Indian plate colliding with a relatively weak Eurasian continent. The dynamic coupling between these two plates is through a fault zone simulating the Main Boundary Thrust (MBT) (Fig. 1) . The Indian plate moves at N20ºE with a constant velocity relative to stable Eurasia [DeMets et al., 1994] . On the eastern and southeastern sides of the model, either displacement or stress boundary conditions are assigned to simulate the observed lateral crust extrusion from the collision zone as suggested by geodetic data Larson et al., 1999; . On the western side, either the roller or the spring elements are used to simulate the lateral resisting force of the Pamir Plateau. On the northern side we used either a velocity boundary based on the GPS data or the spring elements to approximate the resistance from the Tarim block. In most cases we also applied a small (5 MPa) shear stress along the northern side of the model domain to simulate the effects of the left-lateral strike-slip motion along the Altyn Tagh fault and other faults in the region. The top surface approximates the real topography base on the digital topographic data (National Geophysics Data Center, Global 1.0), and the topographic loading is included explicitly in the model by calculating the weight of rock columns in each surface grid of the finite element model. Given the uncertainty of the deep structures under the plateau, we choose the bottom of the model to be at 70 km depth, and use the Winkler spring mattress [Desai, 1979] to simulate isostatic restoring force [Williams and Richardson, 1991] . Under the assumption of isostasy, the deviatoric stresses within the upper crust -our main focus here -are not strongly affected by variations of the isostatic compensation depth (or crustal thickness) as long as the proper isostatic rebounding force is applied at the bottom. This is especially true when a weak lower crust is present [Liu et al., 2000a] . Geometry and general boundary conditions of the finite element model. The Main Boundary Thrust, used in the model in a general sense to represent the thrust fault system between the Indian and Eurasian plates, is simulated by a weak zone. The effective viscosity of this weak zone can be adjusted to simulate mechanical coupling between the Indian plate and the Asian continent. Six layers of elements are used to approximate the rheological variations between the Indian plate, the Tibetan Plateau, and the rest of the Asian continent (Fig. 3) . The details of boundary conditions are discussed in the text.
[7] The model assumes the linear viscoelastic (Maxwell) rheology. Although the long-term deformation of the lithosphere is probably closer to that of a power-law fluid, with the strain rate being proportional to the cubic power of stress [Brace and Kohlstedt, 1980; Kirby and Kronenberg, 1987] , the linear (Newtonian) viscosity is acceptable for first-order approximation, especially when our focus here is the spatial pattern, rather than the absolute magnitude, of the deviatoric stresses. The firstorder lateral rheological variations are represented by a stiff Indian plate, a weak Tibetan plateau (defined by the 3000-m contour in the model, see Fig. 2 ), and the rest of the Eurasia continent with rheologic values in between. The vertical rheologic variations of these blocks are represented in the model by six layers of material with different effective viscosity (Fig. 3) . The Young's modulus and Poisson ratio used in the model are 7x10 10 Pa and 0.25, respectively. The density of the crust and the upper mantle are taken to be 2800 and 3300 kg m -3 , respectively. Other specific parameter values are given when the numerical experiments are presented.
[8] The present state of deviatoric stresses within the Tibetan Plateau results from the mechanical balance between the tectonic compression from the indenting Indian plate and the gravitational buoyancy force of the plateau, as well as resisting forces around and at the base of the plateau. The general mechanical equilibrium can be written as
whereσ ij is the stress tensor, ρ is density, and
T is the vector of gravitational acceleration. The equation is solved using the finite element method. We built the numerical codes using the commercial finite element package FEPG 3.0 (www.fegensoft.com/english/index.htm), and tested the codes against results of the analytic solutions of numerous simple problems and those of TECTON for simple 3-D problems [Liu et al., 2000a] . We used the Goodman joint elements to simulate the Main Boundary Thrust (MBT) fault [Goodman et al., 1968] . The model fault zone is a 20-km thick weak zone with a dip of 35º. The viscosity of the fault zone can be adjusted to simulate different degrees of mechanical coupling between the Indian and the Asian plates. For simulations of active tectonics, the rheology of the MBT is adjusted to match the surface velocity change across the MBT as indicated by the GPS data (Fig. 4) . 
Active Crustal Extension in Tibet
[9] We started the numerical experiments with simulations of the active Tibetan tectonics because of the relatively good constraints. Fig. 4 shows the topography and the GPS velocities of the Tibetan Plateau and surrounding regions, and Fig. 5 shows the earthquake focal mechanisms indicating the active E-W crustal extension in Tibet. To examine the possible causes of the Tibetan extension, we systematically evaluate the effects of all major factors proposed in previous studies. We started with the evaluation of gravitational collapse, because the excess gravitational potential energy (GPE) of the Himalayan-Tibetan Plateau relative to the surrounding lowland is better constrained than other factors that may have contributed to the Tibetan extension:
where h is the elevation of the plateau above the reference lowland, z is depth, ∆ρ is the density contrast between the plateau and the lowland at depth z, and g is gravitational acceleration. For a plateau in Airy isostasy, ∆GPE is equivalent to the extensional force (per unit length) of the plateau on the surrounding lowland, or sometimes called the gravitational buoyancy force of the plateau [Flesch et al., 2000; Liu and Shen, 1998b; Molnar and Lyon-Caen, 1988] . With the further assumption of a uniform crustal density, ∆GPE can be directly related to topographic loading of the plateau. In our model the topographic loading is calculated using the digital topography.
[10] The first step in our numerical investigation is to see whether the ∆GPE of the Himalayan-Tibetan Plateau could explain the observed stress state within the Tibetan crust for the present topography and kinematic boundary conditions. Fig. 6 shows the predicted crustal stresses using the velocity boundary conditions based on the GPS data: a uniform 44 mm yr -1 convergence the direction of N20°E along the Himalayan front (V 1 in Fig. 2 ), 7 mm yr -1 eastward velocity on the east side (V 2 in Fig. 2 ) and 10 mm yr -1 on the southeastern side of the model (V 3 in Fig.  2 ). The convergence rate used here is somewhat arbitrary, partly because the convergence rate varies along the Himalayan front, and the rate indicated by the recent GPS data (~35 mm yr -1 , [Paul et al., 2001] ) is lower than the long-term averaged convergence rate (~50 mm yr -1 , [DeMets et al., 1994] ). The effects of convergence rate are discussed below. On the northern side of the model domain, we used a northward velocity of 20 mm yr -1 at the western end and decreased it linearly to zero at the eastern end. This is to reflect the variation of the GPS velocities along the northern margin of the Tibetan Plateau (Fig. 4) , although using a uniform zero northward velocity on this boundary produced similar results. The roller elements are used on the western side to prohibit motion normal to that boundary. [11] A comparison with Fig. 4 shows significant similarity between the predicted deviatoric stresses and the stress pattern indicated by earthquake fault-plane Figure 6 . Predicted deviatoric stresses in the upper crust (at 10 km depth) of the Tibetan Plateau and surrounding regions. The three-dimensional stress state at each node is shown using lower-hemisphere stereonet projection similar to that for earthquake focal mechanisms. Stress scale is shown in the lower left corner. The line indicates the location of the profile in Fig. 8. solutions, including the dominantly extensional stresses in Tibet. The predicted extensional direction is roughly E-W in southern and central Tibet, which changes to nearly N-S around the southeastern margin of the Tibetan Plateau, consistent with the earthquake data. Note that the stresses in Fig. 6 are the steady-state, background deviatoric stresses. The transient stress changes during the cycles of stress accumulation and release by earthquakes or aseismic slips are not included, because they are relatively small compared to the background stresses, and because they are difficult to simulate for the large spatial scale considered here. The geological structures and the general patterns of earthquake focal mechanisms reflect mainly the background deviatoric stresses, which depend on the driving forces, boundary conditions, and rock rheology. We simulated the steady-state background stresses by using viscosities in the range appropriate for long-term geological deformation (10   22   -10 23 Pa s, see England and McKenzie [1982] and Flesch et al. [2001] ). Starting with the elastic solution, we ran the models much longer than the Maxwell relaxation time, which is about 3000 years for the chosen elastic moduli and viscosities, until the initial stresses were largely relaxed and a steady-state stress field was achieved [Liu et al., 2000a] . [12] Fig. 7a shows the predicted surface velocity field for the same case shown in Fig. 6 . The results are generally comparable to the GPS data. Some of the discrepancies are due to the simplified velocity boundary conditions used in the model. However, note that the predicted velocities in the eastern part of the plateau are significantly higher than the GPS velocities. This is partly explained by the timescale-dependent rock rheology Liu et al., 2000b] . The rheologic structure used here (Fig. 3) is proper for long-term crustal deformation; in this case gravitational spreading of the plateau is significant, resulting in the high velocity gradients near the eastern margin of the Tibetan Plateau in Fig. 7a . Over short timescales that are pertinent to GPS measurements (typically a few years), the crustal rheology may be closer to elastic. Using a high viscosity (10 25 Pa s) to simulate the near elastic short-term crustal deformation, the model predicted a somewhat better fit to the GPS velocities (Fig. 7b) . Internal faults, however, would further complicate the velocity field, because crust motion is mainly along the fault zones. The similarity between the GPS velocity field in Tibet and the prediction of long-term gravitational spreading may be explained by block motion along numerous strike-slip faults aligned along the "flow lines" of the spreading plateau, a condition not found in all orogens [Liu et al., 2000b] . Because the model does not include the strike-slip faults in Tibet and the current GPS data within the Tibetan Plateau are sparse, the comparison of model results with the GPS data should be taken with caution.
[13] The results in Figures 6 and 7 may impose some useful constraints on the lithospheric rheology of the plateau relevant for deformation at geological timescales. For the present kinematic boundary conditions and elevation, we found that the average effective viscosity for the Tibetan crust needs to be in the range between 10 21 -10 22 Pa s for the observed active E-W extension to occur in the plateau. Such a weak Tibetan crust is consistent with results of other models and estimations [England and Molnar, 1997; Flesch et al., 2001] . There is a tradeoff between the Tibetan rheology and the convergence rate, or more accurately, the mechanical coupling between the Indian and Eurasian plates. In the model this coupling is simulated by adjusting the rheology of the MBT zone to match the velocity field across the plate boundary. In
Figures 6 and 7a, relatively weak MBT is used to reproduce a large velocity drop over the Himalayan front as indicated by the GPS results of Larson et al. [Larson et al., 1999] . Recent GPS data show a more gradual velocity gradient across the Himalayas and over the entire Tibetan Plateau , indicating strong coupling, or locking, between the two plates during the period of the GPS measurements. A long-term strong coupling between the Indian and Eurasian plates would require an even weaker Tibetan crust than that assumed in Fig. 6 to account for the continuous E-W extension in the past 10 Myr or so. On the other hand, a drop by a factor of 5 of the Tibetan crustal viscosity shown in Fig. 3 would lead to prediction of collapse of the entire plateau at unreasonably high rates (>40 mm y -1 ).
Figure 8. Vertical profile of the predicted deviatoric stresses for the case shown in Fig. 6 . Each symbol shows the lowerhemisphere stereonet project of the three-dimensional stress state as in Fig. 6 . The depth variation of the magnitude of stresses under Tibet is related to the rheological structures used in the model (Fig. 3) . The stress scale is shown in the lower right corner.
[14] Figure 8 shows the depth-variation of the predicted stresses for the same case as in Fig. 6 . As in Fig. 6 , the symbols show the three-dimensional stress states at each node using the lower-hemisphere projection, although here the stress projections are viewed at different depths. The stresses indicate predominately N-S compression within the Indian plate. The change of the magnitude of the stresses with depth reflects the depth-dependent rheology (Fig. 3) . Over the high plateau the stresses are characterized by roughly E-W extension in the upper crust, whereas in the lesser Himalayas and the northern rims of the plateau, the stress states are predominantly compressive or strike-slip. The prediction of extension to be largely limited to the upper crust of Tibet is consistent with earthquake data [Molnar and Chen, 1983] . However, a number of deep (>75 km) normal-faulting earthquakes occurred under southern Tibet and the Himalayas [Chen and Kao, 1996] . Because gravitational collapse is normally expected to occur only within the crust [Bird, 1991; Liu and Shen, 1998a] , these deep normal events have raised questions to the role of gravitational collapse in Tibet . Although other processes may have contributed to these deep events [Chen and Kao, 1996; , the role of gravitational collapse cannot be ruled out. The key factor here is lithospheric rheology: seismic data indicate that the mantle lithosphere under southern Tibet and the Himalayas is abnormally thick [Holt and Wallace, 1990; McNamara et al., 1994] , and seismic tomography shows that the high velocity structures extend as deep as 250 km [Liu and Jin, 1993] . Fig. 9 shows that, with a relatively cold and stiff lithosphere under southern Tibet and the Himalayas, gravitational collapse may cause deep normal faulting.
Effects of Model Parameters and the

Tectonic Implications
[15] The results presented so far indicate that the present stress field within the Tibetan crust can be explained by the combined effects of indentation of the Indian plate, gravitational spreading of the elevated plateau, and the specified boundary conditions. To better illustrate the effects of gravitational collapse, Fig. 10 shows the predicted crustal stresses and surface velocity field for a case where the parameters are the same as those in Fig. 6 , except that a fixed (zero displacement) boundary condition is imposed on all sides of the model domain to isolate the effects of gravitational collapse. Naturally, the elevated plateau tends to spread to all directions; the spreading rates correlate with the topographic gradients, with the highest rates found near the Himalayan front (Fig. 10a) . The resulting stresses showing predominantly N-S extension, again because of the greatest topographic gradients in the Himalayan front and the northern margin of the Tibetan Plateau. In nature, the deformation field is altered by the indentation of the Indian plate and other factors and boundary conditions. Some of these factors and boundary conditions have been suggested as major causes of the E-W Tibetan extension. Here we explore the effects of some of these factors. 
Boundary Conditions
[16] Following the Indo-Asian collision, deformation within the Tibetan plateau has been largely confined by the Tarim block to its north and the Pamir to its west (Fig.  1) . The major uncertainty is the nature of the eastern boundary of the plateau, which has been relatively free through the Cenozoic, accommodating much of the collisional deformation [Allegre et al., 1984; Tapponnier and Molnar, 1977] . At present, the eastern side of the plateau moves eastward with respect to the stable Eurasia at ~15 mm yr -1 . However, the GPS velocities, measured over a period of a few years, may not fully represent the long-term averaged geological rate of crustal escape [Liu et al., 2000b] . Whereas significant eastward extrusion of crustal blocks along numerous strike-slip faults may have occurred following the IndoAsian collision, the amount of crustal translation has been uncertain. The estimated total offset along the Altyn Tagh fault, for example, range from ~200 km to >1000 km (see a summary by Yin and Harrison [2000] ). Also in debate is the cause of the lateral crustal translation: in addition to the indentation of the Indian plate, the gravitational potential energy of the elevated Tibetan plateau and farfield stresses may have also contributed to the eastward crustal escaping [Kong et al., 1997] . has argued that the E-W Tibetan extension shows temporal and spatial correlations with other Cenozoic extension systems in eastern Asia, and may have resulted from the same regional extensional forces arising from plate boundary processes along the eastern margins of the Asian continent.
[17] To test this hypothesis we may impose an extensional force on the eastern side of the Tibetan plateau to see if it is sufficient to explain the E-W extension in Tibet. However, the nature and magnitude of such far-field forces are poorly known. Alternatively, we tested an endmember case with no far-field extensional force acting on the eastern side of the plateau. Fig. 11 shows the predicted crustal stresses in a case with other parameters being the same as in Fig. 6 , except that a fixed boundary (no lateral displacement) is now assumed on the eastern side of the model. A comparison with Fig. 6 , where a 10 mm yr -1 eastward velocity boundary was imposed on the eastern side of the model, shows remarkable similarity, including extensional stresses in Tibet. Such results are not surprising, considering the relative magnitude of the deviatoric stresses involved here. Let us assume that all the eastward extrusion was caused by the far-field extensional stress. For a vertically averaged effective viscosity in the range of 10 21 -10 22 Pa s for the Tibetan lithosphere, the horizontal stress needed to stretch the eastern side of the Tibetan plateau at 10 mm yr -1 is only a few MPa (stress = viscosity x strain rate). The vertical stress due to topographic loading, on the other hand, is up to 150 MPa under Tibet. Thus gravitationally induced extensional stress states are expected to dominate in Tibet, with or without the far-field extensional force, although such far-field force would certainly facilitate the Tibetan crustal extension. 
Basal Shear
[18] Subduction of the continental Indian plate is likely to exert considerable basal shear on the overriding Eurasian plate. Shear stresses as high as 300 MPa have been suggested based on the evidence of metamorphic petrology across the Main Central Thrust [Molnar and England, 1990] , although recent studies suggest that the geological data can be explained by moderate shear stresses, on the order of 30 MPa or so [Harrison et al., 1998b] . In some mechanical models, basal shear is considered the major driving force for the Tibetan mountain building [Buck and Sokoutls, 1994; Willett et al., 1993; Willett and Beaumont, 1994] . Given the arc geometry of the Himalayan front, some authors also suggested basal shear as a major cause of the E-W extension in the Himalayas and southern Tibet [McCaffrey and Nabelek, 1998; Seeber and Pecher, 1998 ].
[19] We have investigated the impact of basal shear on the stress states within the Tibetan Plateau. Fig. 12 shows the results of predicted crustal stresses when 10 MPa shear stress is applied to the base of the model domain south of the Indus-Zangbo suture zone (IZSZ) (Fig. 1) while other parameters are the same as in Fig. 6 . A comparison with Fig. 6 shows that, although the general stress patterns remain similar, the basal shear tends to hinder extension in the northern and central Tibetan Plateau while enhancing extension in southern Tibet and the Himalayas. The reason is that the applied basal shear reduces the compressive (indentation) stresses at the southern edge of the Tibetan plateau needed to balance the gravitational buoyancy force of the plateau. This leads to weaker compression within the upper crust in the Himalayas and southern Tibet, thus facilitating extension there. North of the IZSZ, the basal shear adds to the horizontal compression, thus hindering crustal extension. Although recent field studies have revealed more extensional structures in central-northern Tibet than previously known [Blisniuk et al., 2001; Yin et al., 1999] , the best-developed north-trending grabens are found in southern Tibet and the Himalayan front, probably reflecting the impact of basal shear.
[20] Another effect of the applied basal shear is a rotation of the predicted extensional direction from roughly E-W (Fig. 6 ) to NE-SW (Fig. 12) . This change resulted from the combined effects of oblique subduction of the Indian plate and the topographic gradients in the Himalayan front. We discuss later that this mechanism may have some interesting implications for the development of the South Tibetan Detachment System (STDS) [Burchfiel et al., 1992] .
Implications for the Rise and Fall of the Tibetan Plateau
[21] The numerical model constrained by the active tectonics in Tibet may be used to gain some insights into the rise and fall of the Tibetan Plateau by exploring the model parameters and boundary conditions that may have changed significantly during the orogenic history.
The dynamic link between the rise and fall of the
Tibetan plateau
[22] When the Tibetan plateau reached its present mean high elevation is a question of great importance to the Tibetan tectonics and climate change [Harrison et al., 1998a; Molnar et al., 1993; Ruddiman and Kutzbach, 1989] . Because of the difficulty of dating paleoaltitude, various proxies have been used. One approach is to date the normal faults bounding the north-trending grabens in the plateau, assuming that such E-W crustal extension was caused by gravitational collapse of the plateau when it reached its present mean high elevation. By dating igneous intrusions cross-cutting the normal faults, the age of the plateau reaching its present mean high elevation was estimated to be 8-14 million Ma [Coleman and Hodges, 1995; Edwards and Harrison, 1997] . Fig. 6 . The applied basal shear tends to enhance crustal extension in southern Tibet while hindering extension in northern Tibet (cf. Fig. 6 ).
[23] Using a simple 3-D finite element model, Liu et al. [2000a] showed that the E-W Tibetan extension might have occurred at a much lower elevation. In this work we refined Liu et al's results with a more realistic and better constrained model. Fig. 13 shows the predicted crustal stresses for a case where the elevation of the plateau is reduced by 50% while other parameters are the same as in Fig. 6 . In this case no E-W extension within the plateau is predicted, and strike-slip faults are the dominant features over the plateau. Significant crustal extension is predicted only when the elevation of the plateau reaches >75% of its present value. The assumption here is that the plate convergence rate and the general boundary conditions around the Tibetan Plateau did not change significantly through the late Cenozoic. There is no evidence for significant changes of the Indo-Asian convergence rate over the past 50 Myr, and our preliminary results of longterm finite strain modeling [Liu and Yang, 2002] suggest that tectonic boundary conditions at the early stages of the Indo-Asian collision were more favorable for lateral extrusion along strike-slip faults. Note that in Fig. 13 , no lateral rheologic variations within the Tibetan Plateau were considered. If pre-existing weak zones within the plateau are included, as indicated by geological evidence [Yin and Harrison, 2000] , some of the predicted strike-slip motion may be replaced by thrusting and contraction within these weak zones. These results are consistent with geological evidence of normal faulting in Tibet occurring much later than the internal crustal shortening and the development of the major strike-slip faults [Dewey et al., 1988; Yin and Harrison, 2000] .
[24] The geological evidence for the timing of the rise of the Tibetan Plateau ranges from a few million years ago [Zheng et al., 2000] to more than 40 Ma [Chung et al., 1998; Murphy et al., 2002] . There is also evidence for significant elevation of southern Tibet prior to the IndoAsian collision [Murphy et al., 1997] . It is possible that the uplift of the plateau is heterogeneous in space and in time. The lack of widespread, old north-trending rifts in Tibet, on the other hand, suggests that the E-W Tibetan extension occurred only when most of the plateau reached some critical high elevation.
The South Tibetan Detachment System
[25] The E-W extension in the Tibetan plateau was preceded by the development of the South Tibetan Detachment System (STDS) [Burchfiel et al., 1992] . The STDS is an east striking, north dipping system of normal faults that extends at least 700 km and probably through the entire 2000 km length of the northern front of the Himalayan orogen and the southernmost Tibetan plateau. It is Miocene to perhaps Pliocene in age and contemporaneous with structurally lower south vergent thrusting within the Himalayan orogen to the south [Burchfiel et al., 1992; Burg et al., 1984] . These normal faults have been attributed to gravitational collapse of the elevated Himalayan front based on two-dimensional mechanical models [Burchfiel and Royden, 1985; Royden and Burchfiel, 1987] . Problems arise in 3-D models because extension in the direction of plate convergence is more difficult to develop than in the direction perpendicular to plate convergence [Liu et al., 2000a] . If much of the Tibetan Plateau remained relatively low collapse of the Himalayan front may be possible, as suggested by Burchfiel and Royden [1985] . However, geological evidence points to high elevation (3-4 km) for at least some part of southern Tibet during the Miocene or earlier [Murphy et al., 1997; Yin et al., 1994] . A major drop of the compressive stresses from the collision, either due to a decelerated convergence or weak coupling between the Indian-Eurasian plates, may also contribute to the formation of the STDS. But there is no evidence of decelerated Indo-Asian convergence during the Miocene, and during that period the mechanical coupling between the convergent plates was likely strong, as indicated by the contemporaneous development of the Main Central Thrust and the Main Boundary Thrust systems [Burchfiel et al., 1992; Hodges, 2000] , and by the formation of the Himalayan leucogranites that may have resulted from strong shear heating associated with underthrusting of the Indian plate [England and Molnar, 1993; Harrison et al., 1998b] .
[26] One interesting explanation for the STDS relates it to a southwa except for a high collisional front in the Himalayas through much of the Miocene, then a northward directed rd extrusion of a crustal wedge bounded by th the predominant stress state under the present tectonic conditions. The development of the STDS thus indicates different tectonic conditions during the Miocene; one such condition was likely a e Main Central Thrust on the bottom and the STDS on the top [Burchfiel et al., 1992; Hodges et al., 1992] . The extrusion is suggested to be driven by the topographic gradient across the Himalayas, and facilitated by a thermally weakened midcrust. However, it remains unclear (1) why the north directed normal faulting did not continue to present and (2) how the STDS is related to the younger east-west extension.
[27] Both field observation and our model results indicate that E-W extension is st ive roles are often debated. We have evaluated the roles of excessive gravitational potential energy, basal ture, far-field force, and local bo around the plateau. The pr the pl nt, thus caution is needed w rong basal shear associated with the subduction of the Indian plate. We have shown (Fig. 12 ) that increasing the basal shear would relieve the indentation stresses acting on the southern edge of the Asian continent, thus reducing the compressive stresses within the upper crust of the Himalayas and southern Tibet. Fig. 14 shows the predicted stress pattern in the upper crust when a 30 MPa shear stress was applied to the base of the model domain south of the Indus-Zangbo suture zone. A comparison with Figs. 6 and 12 shows that the increased basal shear tends to narrow the zone of crustal extension to southern Tibet and the Himalayas, while the direction of extension is rotated from E-W (Fig. 6 ) to roughly N-S (Fig. 14) . The predicted narrow belt of N-S extension is consistent with the occurrence of the STDS, and a strong basal shear during the Miocene would be consistent with the development of the MCT and the associated leucogranites in mid-Miocene [Hodges et al., 1988] . This mechanism could complement the model of crustal wedge extrusion [Burchfiel et al., 1992; Hodges et al., 1992] : The reduced compressive stresses in the upper-middle crust would facilitate the southward extrusion of the crustal wedge driven by topographically induced pressure gradient. We remind the readers that Fig.14 shows the deviatoric stresses within the upper crust. Stresses near the base of the crust can be significantly different, especially when basal shear is applied.
Conclusions
[28] Although numerous factors may have contributed to the crustal extension in the Himalayan-Tibetan Plateau, their relat shear, rheologic struc undary conditions in the rise and fall of the HimalayanTibetan Plateau using a three-dimensional finite element model. Major conclusions we may draw from this study include the following:
[29] (1) The present crustal deformation in the Himalayan-Tibetan Plateau reflects a mechanical balance between the gravitational buoyancy force of the plateau, the indenting Indian plate, and the specific geometry and boundary conditions edominately E-W extension in the past 10 million years or so can be largely explained by gravitational collapse of the plateau. Far-field extensional forces would have enhanced the crustal extension but are not required.
[30] (2) Significant E-W Tibetan extension occurred when the Himalayan-Tibetan plateau reached >75% of its present mean high elevation. Although the uplift history of the plateau may be heterogeneous in time and space, the occurrence of widespread north-trending rifts in ateau in the past 10-15 million years or so suggest that only since that time did the entire plateau reached the present mean high elevation. Strike-slip faulting and eastward escaping dominated in the early stages of the Himalayan-Tibetan oreogesis.
[31] (3) The present E-W extension in Tibet constrains the effective viscosity for long-term deformation of the Tibetan crust to be in the range of 10 21 -10 22 Pa s, similar to the estimations of previous studies. However, rock rheology is time-scale depende hen combining observational data that represent different timescales. Over the short-terms pertinent to most GPS measurements, crustal deformation is close to that of elastic or elastic-plastic media. The surface velocity field in Tibet predicted in a model assuming an elastic crust is consistent with the GPS data.
[32] (4) Basal shear associated with the subduction of the Indian plate under Tibet tends to enhance crustal extension in the Himalayas and southern Tibet while increase crustal compression in northern Tibet. A moderate 
